The interplay between spin-orbit coupling (SOC) and electron correlation (U ) is considered for many exotic phenomena in iridium oxides. We have investigated the evolution of structural, magnetic and electronic properties in pyrochlore iridate Y2Ir2−xRuxO7 where the substitution of Ru has been aimed to tune this interplay. The Ru substitution does not introduce any structural phase transition, however, we do observe an evolution of lattice parameters with the doping level x. X-ray photoemission spectroscopy (XPS) study indicates Ru adopts charge state of Ru 4+ and replaces the Ir 4+ accordingly. Magnetization data reveal both the onset of magnetic irreversibility and the magnetic moment decreases with progressive substitution of Ru. These materials show nonequilibrium low temperature magnetic state as revealed by magnetic relaxation data. Interestingly, we find magnetic relaxation rate increases with substitution of Ru. The electrical resistivity shows an insulating behavior in whole temperature range, however, resistivity decreases with substitution of Ru. Nature of electronic conduction has been found to follow power-law behavior for all the materials.
I. INTRODUCTION
The interplay between spin-orbit coupling (SOC) and electron correlation (U ) has recently been predicted to give rise many exotic topological phases in iridium oxides.
1,2 The 5d character of Ir renders a comparable energy scale of SOC and U which promotes interesting magnetic and electronic behavior. The iridates with pyrochlore structure (A 2 Ir 2 O 7 where A rare earth elements) are particularly interesting due to its geometrical structure where the interpenetrating corner-shared tetradehra of A and Ir cations introduces magnetic frustration which often does not allow the system for magnetic ordering down to low temperature. However, inclusion of Dzyaloshinskii-Moriya interaction (DMI), which is very evident in systems with reasonable SOC, along with the original exchange interactions has been shown to give rise magnetic transition to long-range ordered state at low temperature in otherwise frustrated disordered systems. 3 Among the pyrochlore iridates, Y 2 Ir 2 O 7 is of particular interest. The non-magnetic nature of Y 3+ avoids possible f -d interactions, 4 hence the physical properties are mostly determined by Ir lattice. In that sense, this material offers an ideal system to study the influence of combined SOC and U interactions. A suitable substitution at Ir-site in this material will effectively tune the both SOC and U parameters, hence the properties of the material will modify accordingly. The Y 2 Ir 2 O 7 exhibits a magnetic irreversibility as characterized by an onset of bifurcation between zero field cooled (ZFC) and field cooled (FC) magnetization around 160 K. [5] [6] [7] [8] [9] [10] [11] The low temperature magnetic state, however, remains controversial. While the neutron diffraction and inelastic measurements 5 show no sign of magnetic long-range transition, the muon spin relaxation and rotation investigations, 6 on the other hand, have shown long-range type magnetic ordering at low temperature. Further, another study has shown an existence of weak ferromagnetism along with large antiferromagnetic background in Y 2 Ir 2 O 7 .
10 A recent study has shown nonequilibrium magnetic phase in Y 2 Ir 2 O 7 , showing reasonable magnetic relaxation at low temperature.
11
On the theoretical side, calculation involving LDA + U method has predicted a Weyl-type semimetal phase with all-in/all-out (AIAO) magnetic order in Y 2 Ir 2 O 7 .
12
Similarly, other calculations employing LDA + DMFT and LSDA + U methods have shown a transition to AIAO type antiferromagnetic (AFM) state with increasing U . 13, 14 Interestingly, the critical value of U for such magnetic transition has not been found consistently in all these studies and it appears that obtained results much depend on the adopted methods. Although, photoemission spectroscopy measurements estimate a strong U (∼ 4 eV) in Y 2 Ir 2 O 7 but its direct correlation with magnetic behavior is not well understood.
15
In present work, we investigate the effect of interplay between SOC and U in pyrochlore iridates which has been realized by substituting magnetic Ru ion in Y 2 Ir 2 O 7 . The Ru (4d 4 ) has relatively high U and low SOC compared to Ir (5d 5 ) which would tune the both these parameters accordingly. Moreover, this substitution will amount to hole doping in the system which would modify the electronic properties across the Fermi level. On the other hand, matching ionic radii of Ir and Ru presumably will not introduce any major structural modification in this series. The structural distortions i.e., trigonal distortion has, however, been shown to have significant influence on the magnetic and electronic properties in the family of pyrochlore iridates. 16 We have studied the evolution of structural, magnetic and electronic properties in doped Y 2 Ir 2−x Ru x O 7 . The system retains its original structure with Ru substitution, but we find minor changes in local structural parameters. X-ray photoemission spectroscopy measurements show both Ir and Ru ions adopt charge state of +4 and changes the ionic concentration of Ir accordingly. Both the magnetic irreversibility temperature (T irr ) and the magnetic moment at low temperature decreases with Ru substitution. The parent compound Y 2 Ir 2 O 7 as well as its Ru doped analogues show nonequilibrium magnetic state at low temperature where the magnetic relaxation rate increases with Ru. While the samples remains insulating up to 40% of Ru doping but the resistivity decreases and the mode of charge conduction follows powerlaw behavior for all the samples. 17 A commercial electron energy analyzer (PHOIBOS 150 from Specs GmbH, Germany) and a non-monochromatic AlK α x-ray source (hν = 1486.6 eV) have been used to perform the XPS measurements with the base pressure in the range of 10 −10 mbar. XPS data have been analyzed using CasaXPS software. DC Magnetization data have been collected using a vibrating sample magnetometer (PPMS, Quantum Design) and Electrical transport properties have been measured using a home-built insert fitted with Oxford superconducting magnet.
II. EXPERIMENTAL DETAILS

III. RESULTS AND DISCUSSIONS
A. Structural analysis (Fig. 1a) . Rietveld analysis, however, shows minor changes in structural parameters in this series as shown in Fig. 2 . We obtain lattice constant a for Y 2 Ir 2 O 7 is 10.244(1)Åwhich decreases monotonically upon substitution of Ru. This changes in a is not though substantial as we calculate change ∆a is about -0.23% over the series.
The structural organization of IrO 6 octahedra places a vital role in pyrochlore system to decide its physical properties. Fig. 2b shows position of oxygen atom attached to IrO 6 octahedra as represented by 'x-position of O1 atom'. In IrO 6 octahedra the oxygen ions are at equal distance from central Ir ion, however, the position of oxygen can vary contributing distortion to octahedra. For instance, for x = 0.3125 octahedra's are perfect and Ir ions are under ideal cubic field. Deviation of x from this value generates distortion to octahedra and gives trigonal crystal field. Fig. 2b shows x value for this series. For Y 2 Ir 2 O 7 , the x value has been found to be 0.36 which implies IrO 6 octahedra's are distorted and compressed. Substitution of Ru decreases the x value leading towards perfect octahedra, hence trigonal crystal field is reduced. Similarly, Figs. 2c and 2d show Ir-O bond length and Ir-O1-Ir bond angle, respectively related to IrO 6 octahedra for present series. With substitution of Ru, bond length decreases while bond angel increases which is consistent with behavior of a in Fig. 2a . This implies that distortion in IrO 6 octahedra is reduced and the overlap between Ir(5d )/Ru(4d ) and O(2p) orbitals is increased.
B. X-ray photoemission spectroscopy study
Understanding the charge state of transition metal is very important in this class of materials which largely governs the electronic and magnetic properties. For this purpose we have carried out XPS measurements on parent as well as Ru doped samples where data have been shown in Fig. 3 . The Ir-4f spectra have been shown in 18 Moreover, there is no measurable change in the BE of Y-3p core-level between two samples. We have analyzed the Ir 4f core-level spectra in more detail using standard CasaXPS software package, as shown in Figs. 3a Fig. 4 shows magnetization (M ) data as a function of temperature (T ) measured in 1000 Oe magnetic field following zero field cooled (ZFC) and field cooled (FC) protocol for present series. The undoped parent compound shows a clear magnetic irreversibility around temperature T irr = 160 K, below which a large bifurcation between the ZFC and FC magnetization is observed. It can be noted that M ZF C does not exhibit any prominent cusp/peak around T irr . 11 An existence of weak ferromagnetism in association with large antiferromagnetic background has been shown by another recent study. 10 As evident in figure, with Ru substitution the bifurcation temperature T irr between M F C and M ZF C shifts to lower temperature. Furthermore, ZFC magnetization shows lower value as x increases. The inset of 
where χ 0 is temperature independent magnetic susceptibility, C is the Curie constant and θ P is Curie temperature. The effective paramagnetic moment µ ef f has been calculated from C. Using the obtained values, frustration parameter f has been calculated from ratio |θ P |/T irr for the whole series. All the parameters have been shown in Table I is interesting that with Ru substitution the f parameter decreases which suggests frustration level decreases over the series.
The isothermal magnetization as a function of magnetic field (H) measured at 5 K are shown in Fig. 6a (Fig. 6a ). The figure further shows magnetic moment decreases in this series. A close observation in M (H) data reveals a narrow hysteresis in parent as well as in Ru-doped compounds. The observed coercive field H c is given in Table  1 which shows H c value increases as we introduce Ru in Y 2 Ir 2 O 7 . Fig. 6b shows Arrott plot (M 2 vs H/M ) of M (H) data as shown in Fig. 6a . Arrott plot in general is a very helpful tool to understand the nature of magnetic state in a material. 27 For instance, a straight line fitting in high field regime in Arrott plot gives a positive intercept for the materials having spontaneous magnetization like ferromagnetic compounds. In addition, value of the intercept gives an estimate of strength of spontaneous magnetization in the system. On contrary, a negative intercept in Arrott plot implies a non-ferromagnetic type of magnetic state. As seen in Fig. 6b , the intercept for all the materials in present series is negative which indicates low temperature magnetic state in Y 2 Ir 2 O 7 is not of ferromagnetic type, and further Ru substitution also does not induce ferromagnetism in this material.
Evolution of magnetic behavior in Y 2 Ir 2−x Ru x O 7 series where both the magnetic moment as well as T irr decreases (Figs. 4 and 6 ) with Ru is rather interesting. 
The 4d
4 electronic state of Ru 4+ gives moment 2µ B /Ru considering only spin contribution. On the other hand, Ir 4+ has 5d 5 electronic state. While all the d-electrons occupy low energy t 2g level, the present SOC effect leads to further splitting of t 2g level into an effective pseudospin, j ef f = 1/2 doublet and j ef f = 3/2 quartet where the doublet has higher in energy. 28 This situation gives j ef f = 3/2 levels are fully-filled and j ef f = 1/2 levels are half-filled. Therefore, in strong SOC dominated picture, Ir gives moment (g j j ef f µ B ) of value 0.33µ B /Ir. The role of U here is to further split the j ef f = 1/2 level and open a Mott-like gap which makes these materials j ef f = 1/2 insulators. Decreasing the effective moment in Y 2 Ir 2−x Ru x O 7 , even with substitution of high moment Ru for low one Ir is quite surprising. Note, that Ru substitution in other class of iridates has also interesting effects. For instance, moment in Sr 2 Ir 1−x Ru x O 4 is seen to decrease with progressive Ru content. [29] [30] [31] In case of Na 2 Ir 1−x Ru x O 3 , the Ru weakens the long-range antiferromagnetic ordering and and induces spin-glass like state even with smallest level of substitution. 32 Apart from strong SOC picture, recent theoretical studies have further considered the possible influence of non-cubic crystal field such as, trigonal crystal field on the magnetic and electronic properties in iridium oxides. 16, 33 Whether such effects apart from considering only strong SOC are responsible for present evolution of magnetic behavior needs to be investigated.
As seen in Fig. 4 , materials in Y 2 Ir 2−x Ru x O 7 series show considerable magnetic irreversibility between M ZF C and M F C below T irr , and both the magnetization data exhibit steep rise at low temperature. A recent study has further shown reasonable magnetic relaxation and aging behavior at low temperature in Y 2 Ir 2 O 7 .
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These features which suggest nonequilibrium magnetic state is considered to be typical behavior of metamagnetic systems such as, spin-glass or superparamagnet as the magnetization for classical magnetic systems ideally do not change with time once temperature and filed is stabilized. We have examined the evolution of magnetic relaxation and aging behavior in present series. For the relaxation measurement, the sample has been cooled in zero magnetic field from room temperature to 10 K. Once temperature is stabilized, a time of 10 2 s is waited and then magnetic field of 1000 Oe is applied and subsequently magnetization has been measured as a function of time (t) for about 7200 s. Fig. 7a shows magnetization data after normalizing with magnetization value at t = 0 i.e., with M (0) as a function of time for representative x = 0.0 and 0.2 samples. While the normalized M (t)/M (0) continue to increase without sign of saturation even after 2 h for both the materials, it is seen in figure that rate of relaxation is comparatively higher in doped sample than the parent compound. This magnetic relaxation implies spin configuration at low temperature is not at equilibrium state as it tries to achieve low energy states with time crossing the barriers which separate the energy states. This data suggest Ru 4+ (4d 4 ) substitution at Ir 4+ (5d 5 ) site helps the spin system to relax at faster rate. We have further examined the aging behavior in this series of materials. For the aging measurement, similarly the sample has been cooled in zero field from room temperature to 10 K. Once temperature is stabilized a wait time t w is given and after that a magnetic field of 1000 Oe is applied. Once field is applied, magnetization has been measured as a function of time for about 7200 s. It can be mentioned that in previous relaxation measurements we have used t w = 10 2 s and here in aging measurements we have varied t w with values 10 2 , 10 3 and 10 4 s to see the effects of t w . The aging behavior has already been observed for parent Y 2 Ir 2 O 7 material which shows considerable effect of t w on magnetic relaxation parameters.
Here in Fig. 7b we only show aging behavior of doped x = 0.2 material by demonstrating normalized magnetization i.e., M (t)/M (0) as a function of time for different t w values. Though the magnetization for all t w increase with time, it is evident in figure that system waits more at 10 K before field is applied shows less relaxation. This aging behavior is similar to that observed for parent compound (not shown) which suggests magnetic relaxation depends on the history how magnetic field is applied. This implies system ages during the wait time t w and tries to achieve equilibrium state which explains low relaxation with high t w value.
To understand this relaxation phenomena we have analyzed the M (t) data with stretched exponential function as given below,
where M (0) is magnetization value at t = 0, τ is the characteristic relaxation time and β is the stretching exponent ranging between 0 and 1. The solid lines in Fig.  7a and 7b are due to fitting of data with Eq. 2. It is evident in figure that fittings are reasonably good for all the data. The fitting parameters τ and β are shown in Table  II for both the samples. As seen in Table II , relaxation time τ decreases almost by an order after doping with Ru for all t w values. This decrease of τ and simultaneous increase of exponent β (Table II) is in agreement with higher relaxation behavior for doped samples as evident in Fig. 7a . Table II further shows with increasing value of t w , the nature of changes of τ and β parameters, where τ decreases and β increases, is same for both the samples. This clearly suggests that Ru 4+ (4d 4 ) substitution at Ir 4+ (5d 5 ) site helps the spin system to attain equilibrium state at faster rate, where the behavior is supported by reduced frustration parameter in doped sample (see in Table I ).
The Y 2 Ir 2 O 7 is known to show insulating property throughout the temperature range where the electrical resistivity (ρ) follows a power-law dependence on temperature.
6,11 The substitution of Ir 4+ (5d 5 ) with Ru 4+ (4d 4 ) basically amounts to hole doping in system which is likely to modify the electronic structure of material across the Fermi level. In addition, electronic correlation effect (U ) as well as SOC are also expected to be tuned with this substitution. To understand this, we have studied the evolution of electrical resistivity in Y 2 Ir 2−x Ru x O 7 series. Fig. 8a shows temperature dependence of resistivity for this series. The figure shows with this Ru substitution (up to x = 0.4), the system retains insulating but resistivity is substantially reduced. Given that another end member of this series i.e., Y 2 Ru 2 O 7 exhibits highly insulating state this decrease in resistivity appears to be interesting. As the nature of charge transport in parent compound obeys following power-law behavior
where n is power exponent, we have plotted ρ(T ) data in ln-ln scale in Fig. 8b . The straight lines in figure are due to fitting with Eq. 3. For x = 0.0 material, power-law behavior (Eq. 3) is followed throughout the temperature range with exponent n = 2.98. For the doped samples, we observe Eq. 3 could only be fitted in lower range of temperatures. Fig. 8b shows range of fitting extends up to 84, 65 and 72 K and we obtain exponent n = 3.41, 4.01 and 1.96 for x = 0.1, 0.2 and 0.4, respectively. This shrinking of fitting regime as well as variation of n could be due to fast change in ρ(T ) as seen in Fig. 8a .
The insulating state in various Ir-based oxides are of general interest which have been investigated using different substitutions. In case of Ru highly metallic. 29, 35 Given that resistivity of Y will lead to depletion of effective electronic concentration in system (hole doping) and it will also tune both SOC and U accordingly. Nonetheless, the influence of structural modification on electronic structure is an important factor which needs to be considered. 16 As seen in Figs. 2a and 2b that lattice parameter a and trigonal crystal field represented by 'x-position of O1 atom' decreases with Ru substitution, respectively. Further, Ir-O1 bond length decreases and Ir-O1-Ir bond angel increases as seen in Figs. 2c and 2d . The structural parameters in Figs. 2c and 2d imply that overlapping between Ir/Ru d-orbitals and O p-orbitals increases with Ru doping. This is likely to facilitate the transfer of charge carriers which would decrease the resistivity of material. However, any possible role of opposing tuning of SOC and U realized through Ru (4d) substitution on electronic transport need to be investigated using theoretical calculations.
Further, it would be interesting to understand how the variations of SOC and U realized through substitution of Ru in Y 2 Ir 2 O 7 contribute to the evolution of magnetic and electronic properties. The pyrochlore lattice with Heisenberg type nearest-neighbor interactions generally shows collinear AFM spin structures where frustration is very inherent feature. The additional consideration of DMI, mainly originating from present SOC, results in non-collinear type magnetic structures. 3 The decrease of SOC with Ru substitution will presumably drive the system toward more collinear type AFM spin structure, yet the Mossbauer spectroscopy experiments have shown another end compound i.e., Y 2 Ru 2 O 7 is still a non-collinear type AFM system. 25 Moreover, recent calculations have shown that with increasing U the magnetic state in Y 2 Ir 2 O 7 moves from non-collinear AIAO state to AFM spin structure. 13, 14 Therefore, the decreasing moment with x in present study (see Figs. 4 and 6 ) may be a consequence of variation of both SOC and U . Similarly, decreasing resistivity with Ru substitution (Fig. 8 ) may also be contributed by variations of SOC and U but the role of hole doping in modifying the Fermi Level as well as the structural modifications which are discussed in earlier sections need to be considered.
Even though, Ru 4+ is expected to modify the total electron numbers in system (hole doping), effects of SOC and U variations on the magnetic and electronic properties is quite evident in our experimental data. We want to further add that initially it was believed that isoelectronic substitution could be achieved through doping with another 4d element Rh 4+ for Ir 4+ , 36 but recent experimental evidences from x-ray absorption spectroscopy (XAS) and angel resolved photoemission spectroscopy (ARPES) reveal that Rh rather adopts Rh 3+ charge state which amounts another case of hole doping. [37] [38] [39] Moreover, effective number of electrons estimated from optical conductivity data for Sr 2 IrO 4 and Nd 2 Ir 2 O 7 materials show its evolution with Rh substitution level is not consistent. 36, 40 In addition, if it is Rh 3+ , this charge state will create equivalent amount of Ir 5+ ions which are nonmagnetic and will act for site dilution. This would further complicate the situation, making it difficult to understand the mere effects of variations of SOC and U . With this background, substitution of Ru 4+ appears to be a better mean to understand the effects of SOC and U in iridate materials. Given that low temperature magnetic state in terms of long-range ordering in Y 2 Ir 2 O 7 is a controversial issue 5, 6 and further it shows nonequilibrium magnetic behavior, 11 the evolution of magnetic relaxation in Fig. 7 is quite intriguing. While the origin of magnetic relaxation can be many including glass-like dynamics and/or atomic displacement but based on these available bulk data it is difficult to make precise comment on the nature of magnetic state in Y 2 Ir 2 O 7 . Nonetheless, our data definitely show nonequilibrium low temperature state in Y 2 Ir 2 O 7 as demonstrated through magnetic relaxation behavior which evolves with Ru substitution. show an insulating behavior throughout the temperature range for all the samples, however, resistivity decreases with Ru doping. The nature of charge conduction is found to follow the power-law behavior for all the materials.
